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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to an optical member, a method for manufacturing silica glass, and a reduction 
projection exposure apparatus; and more particularly, it relates to an optical member made of silica glass suitable for 
use in a reduction projection exposure apparatus or the like utilizing vacuum ultraviolet light such as an ArF excimer 
10 laser, a method for manufacturing the silica glass, and a reduction projection exposure apparatus using the optical 
member. 

Related Background Art 

15 [0002] Conventionally, a reduction projection exposure apparatus (photolithography apparatus) such as a stepper 
is used in a process of transferring a fine pattern of an integrated circuit onto a wafer of silicon or the like in case where 
ICs (Integrated Circuits) and LSIs (Large Scale Integrated Circuits) are manufactured. For this reduction projection 
exposure apparatus wider exposure areas and higher resolution over that entire exposure area have been required and 
improvement of the apparatus has been researched by shortening the wavelength of light emitted from the exposure 

20 light source or by increasing the numerical aperture (NA) of the projection optical system or the like. Particularly short- 
ening the wavelength of light is very effective in improving the resolution of the apparatus which causes the shift from a 
g-line (436 nm) to an i-line (365 nm), farther to a KrF excimer laser (248 nm) or an ArF excimer laser (193 nm) 
[0003] On the other hand, for optical members making up an optical system of a reduction projection exposure 
apparatus, high light transmission property and ultraviolet light resistance are required suitable for the usage of light 

25 having such a short wavelength. For example, optical members used in a projection optical system of a stepper are 
required to have high light transmission property with internal absorption loss coefficient of 0.001 cm" 1 with respect to 
light having a short wavelength as described above, that is a light absorption amount of 0.1% or less per 1 cm of thick- 
ness. 

[0004] However, conventional optical glass used in an optical system of a reduction projection exposure apparatus 
30 utilizing a g-line or an i-line doesn't have a sufficient transmission property with respect to light of which the wavelength 
is shorter than that of the i-line and exhibits little transmittance with respect to light having a wavelength of 250 nm or 
less. Therefore, an optical member using silica glass or calcium fluoride crystal which exhibit higher light transmission 
property with respect to light having such a short wavelength has been under development. 

[0005] As for a synthesis method of said silica glass, a vapor phase synthesis method called the direct method uti- 
35 lizing silicon tetrachloride as the materials is used conventionally. In this method, first, by ejecting high purity silicon tetra 
chloride gas as a material from the central portion of a burner made of silica glass with a multi-tubular structure and by 
ejecting oxygen gas and hydrogen gas from the peripheral portion of a material ejecting opening, fine particles of silica 
glass are synthesized through a hydrolytic reaction between silicon tetrachloride and the water which is generated 
through burning of oxygen and hydrogen. And the fine particles of silica glass are deposited on a target rotating, rocking 
40 and moving downwardly under said burner, which is fused and vitrified by combustion heat of the hydrogen gas to 
obtain a silica glass ingot. Silicon tetrachloride as a material is generally ejected by diluting with a carrier gas and in 
many cases oxygen gas is utilized as the carrier gas. As for the target for depositing the fine particles of silica glass, the 
one made of an opaque silica glass board is usually used. 

[0006] However, the above mentioned method has the disadvantage that hydrogen chloride is generated at the 
45 time of synthesizing, and optical members made of silica glass obtained by this method have problems in regard to 
ultraviolet light resistance such as significant lowering of light transmission property when they are irradiated with ultra- 
violet light of high output or excimer laser beam for a long period of time. This lowering of light transmission property is 
due to the appearance of an absorption band of 5.8 eV called the E' center, which is considered to be induced by chlo- 
ride remaining in the silica glass in a concentration of from 30 to 1 50 ppm. 
so [0007] Examination into a method for manufacturing silica glass using organosilicon compound which doesn't con- 
tain substantial amounts of chloride as the material for the purpose of improving the above mentioned problems has 
been being carried out in recent years. However, in the case of silica glass obtained by the method utilizing the organo- 
silicon compound as the material, the internal absorption coefficient for light having a wavelength of 210 nm or less 
exhibits 0.01 cm" 1 or more. Therefore, in case such an optical member made of silica glass is used as a lens of an opti- 
55 cal system or the like, sufficient resolution cannot be achieved in a reduction projection exposure apparatus or the like 
utilizing an ArF excimer laser (193.4 nm). 

[0008] In this way, an optical member made of silica glass with desirable light transmittance and ultraviolet light 
resistance suitable for use with light having a short wavelength such as the ArF excimer laser hasn't yet been devel- 
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oped. 

SUMMARY OF THE INVENTION 

5 [0009] Therefore, it is the purpose of the invention to provide an optical member made of silica glass with high light 
transmission property and ultraviolet light resistance suitable for use in an optical system of a reduction projection expo- 
sure apparatus using an ArF excimer laser as a light source or the like, a method for manufacturing the silica glass, and 
a reduction projection exposure apparatus using the optical member. 

[0010] As a result of repeated diligent studies to achieve the above described purpose, the present inventors found 
10 that formyl radical generated by the exposure of X-rays into silica glass affects the optical quality of the silica glass and 
it is possible to control the concentration of the formyl radical by selecting conditions such as a ratio between a hydro- 
gen gas and an oxygen gas ejected from a burner and kinds or flow amounts of the materials and the carrier gas in a 
method for manufacturing silica glass by the direct method. And based on those findings the present invention has been 
accomplished where silica glass with low concentration of formyl radical generated by the exposure of X-rays can be 
15 obtained to solve the above mentioned problems by using such silica glass as material for optical members by allowing 
the tube placed in the center of the burner with multi-tubular structure to eject an organosilicon compound and an inac- 
tive gas and by allowing the tube placed around the tube placed in the center to eject an oxygen gas and a hydrogen 
gas so that the ratio of the total oxygen gas amount to the total hydrogen gas amount becomes 0.53 or more, so as to 
allow the above organosilicon compound to react in the oxidizing flame in the method for manufacturing silica glass by 
20 the direct method. 

[001 1] Namely, an optical member according to the present invention is: 

an optical member made of silica glass synthesized by the direct method where a material gas comprising an orga- 
nosilicon compound is allowed to react in an oxidizing flame, 
25 said optical member having a 2x1 0 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray irra- 

diation whose dose is 0.01 Mrad or more and 1 Mrad or less. 

[0012] Furthermore, a method according to the present invention is: 

30 a method for manufacturing silica glass comprising: 

a first step of allowing an organosilicon compound to react in an oxidizing flame while ejecting an organosilicon 
compound and an inactive gas from a tube placed in the center of a burner with a multi-tubular structure and eject- 
ing an oxygen gas and a hydrogen gas a tube placed around the tube placed in the center of said burner so that a 
ratio (a/b) of the total oxygen gas amount (a) and the total hydrogen gas amount (b) being 0.53 or more, so as to 

35 obtain silica glass fine particles; and 

a second step where said silica glass particles are deposited on a target of heat resistance opposed to said burner 
and are melted and vitrified, so as to obtain a silica glass ingot. 

[0013] Moreover, an apparatus according to the present invention is: 

40 

a reduction projection exposure apparatus having an exposure light source, a photomask formed with an original 
image of pattern, an irradiation optical system for irradiating said photomask with the light emitted from said light 
source, a projection optical system for projecting onto a photosensitive substrate a pattern image projected from 
said photomask, an alignment system for aligning said photomask and said photosensitive substrate with each 
45 other; 

wherein at least a portion of: the lenses making up said irradiation optical system, the lenses making up said pro- 
jection optical system and said photomask is an optical member made of silica glass synthesized by the direct 
method where a material gas comprising an organosilicon compound is allowed to react in an oxidizing flame, 
said optical member having a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray 
50 irradiation whose dose is 0.01 Mrad or more and 1 Mrad or less. 

[0014] According to the present invention, in a method for manufacturing silica glass by the direct method, the res- 
idue of carbon in the obtained silica glass is controlled by allowing an organosilicon compound to react in an oxidizing 
flame while ejecting an organosilicon compound and an inactive gas from the tube placed in the center of the burner 
55 with multi-tubular structure and ejecting oxygen gas and hydrogen gas from the tube arranged around the tube placed 
in the center with a ratio (a/b) of the total oxygen gas amount (a) to the total hydrogen gas amount (b) being 0.53 or 
more, so that silica glass of which the concentration of formyl radical generated by the irradiation of X-rays is 2x1 0 14 
molecules/cm 3 or less can be obtained. And by using an optical member comprising silica glass obtained by such a 
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method in an optical system of a reduction projection exposure apparatus, light transmission property and ultraviolet 
light resistance of the entire optical system can be enhanced against light having a short wavelength such as vacuum 
ultraviolet light or an excimer laser beam, therefore high resolution can be achieved in the above mentioned apparatus 
which couldn't be obtained in the case when an optical member according to the prior art is used. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] 

10 Fig. 1 is a schematic configuration view showing an example of a silica glass manufacturing apparatus used in a 

method for manufacturing silica glass according to the present invention; 

Fig. 2 is a schematic configuration view showing an example of a burner with a multi-tubular structure used in a 
method for manufacturing silica glass according to the present invention; 

Figs. 3A and 3B, respectively, are flow charts showing an example of a method for manufacturing silica glass 
15 according to the present invention; 

Fig. 4 is a schematic configuration view showing an example of a reduction projection exposure apparatus utilizing 
optical members according to the present invention; 

Fig. 5 is a schematic configuration view showing an example of a projection optical system utilizing optical mem- 
bers according to the present invention; 
20 Fig. 6 is a graph showing the relation between the absorption coefficient with respect to light having a wavelength 

of 1 93.4nm and the concentration of formyl radical obtained in Examples 1 to 6 and Comparative examples 1 to 12; 
Fig. 7 is a graph showing the relation between the internal transmittance with respect to light having a wavelength 
of 193.4 nm and the concentration of formyl radical obtained in Examples 7 to 9 and Comparative examples 13 to 
20; 

25 Fig. 8 is a graph showing the relation between a ratio (a/b) of the total oxygen gas amount (a) to the total hydrogen 

amount (b) and the concentration of formyl radical obtained in Examples 7 to 9 and Comparative examples 13 to 
20; 

Fig. 9 is a graph showing the relation between a ratio ([a-c]/b) of the oxygen gas amount (a-c) by subtracting the 
oxygen gas amount (c) consumed by combustion of the organosilicon compound from the entire oxygen gas 
30 amount (a) through the combustion of the material obtained in Examples 7 to 9 and Comparative examples 13 to 

20; 

Fig. 10 is a graph showing the relation between the flow rate of the material and the concentration of formyl radical 
obtained in the Examples 7 to 9 and the Comparative examples 13 to 20; 

Fig. 1 1 is a graph showing the relation between the flow rate of the first hydrogen gas and the concentration of 
35 formyl radical obtained in Examples 7 to 9 and the Comparative examples 13 to 20. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0016] The present invention is described in detail in the following. 
40 [0017] An optical member according to the present invention comprises silica glass manufactured by the direct 
method where a material gas comprising an organosilicon compound is allowed to react in an oxidizing flame, and the 
optical member has a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by the radiation of X- 
rays with an irradiation dose of 0.01 Mrad or more and 1 Mrad or less, wherein the formyl radical is represented in the 
following formula (1 ): 

45 

H - C • = O (1) 

(where • represents an unpaired electron) 
[0018] The generation mechanism of the formyl radical hasn't yet been clarified but the present inventors presume 
50 the following mechanism. That is to say it is considered that, in a synthesizing process of silica glass, carbon monoxide 
(CO) residue within the silica glass is generated through the incomplete combustion of the organosilicon compound and 
goes through the reaction by the irradiation of X-rays according to the following formula (2): 

CO + H° -> H - C • = O (2) 

55 

(where H° represents a hydrogen radical and • represents an unpaired electron) 
[0019] H° in the reaction of formula 2 is considered to be generated in the reaction according to the following for- 
mulas (3) or (4): 
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Si - OH -> (X-ray irradiation) -> - Si - O • + H° (3) 
H 2 -> (X-ray irradiation) -> H° + H° (4) 



5 (where - is not a triple bond but represents the combination of three oxygen atoms and • represents an 

unpaired electron.) 

[0020] This formyl radical is not recognized as being generated in the case that light such as an ArF excimer laser 
or a KrF excimer laser is irradiated. The irradiated X-rays, such as X-rays emitted from a rhodium (Rh) tubular bulb 
where a voltage of 50 kV and a current of 2 mA are applied, are cited and those X-rays are irradiated for 22 seconds to 

10 have an irradiation dose of about 0.01 Mrad. 

[0021] As for a method to determine the concentration of the formyl radical generated in the optical member, a 
method using an Electron Spin Resonance Spectrometer is specifically cited. Furthermore, methods such as combus- 
tion - infrared spectroscopic analysis, charged particle radio activation analysis, inductively coupled plasma atomic 
emission spectroscopy (ICP-AES), inductively coupled plasma mass spectroscopy (ICP-MS) known as a carbon con- 

15 tent measuring method conventionally tend to have insufficient precision of the measurement in the case of determining 
the trace amounts of carbon content in this way. 

[0022] In an optical member according to the present invention, it is preferable that the internal absorption coeffi- 
cient for a light having a wavelength of 1 90 nm or more be 0.001 cm" 1 or less. In case the internal absorption coefficient 
exceeds 0.001 cm" 1 , a sufficient resolution tends not to be obtained in a reduction projection exposure apparatus where 
20 the member is used in the optical system. A measuring method of the internal absorption coefficient such as a method 
using a spectrophotometer for ultraviolet light can be cited. 

[0023] Though an optical member according to the present invention comprises silica glass manufactured from 
organosilicon compound which doesn't include substantial amounts of chloride, it is preferable that the chlorine concen- 
tration in the optical member be lower in order to further increase endurance, more concretely that the chlorine concen- 
25 tration be 0.1 ppm or less. In case the chlorine concentration exceeds 0.1 ppm in concentration, ultraviolet light 
resistance of the optical member tends to be insufficient. A method to determine the chlorine atom concentration such 
as radio activation analysis using thermal neutron irradiation can be cited. 

[0024] In addition, in an optical member according to the present invention, it is preferable that hydrogen molecule 
concentration be 1x10 16 /cm 3 or more and 4x1 0 18 / cm 3 or less. In case the hydrogen molecule concentration is not in 

30 the above mentioned range, the ultraviolet light resistance of the optical member tends to be insufficient. As a measur- 
ing method of the hydrogen molecule concentration, there is a method using a laser Raman spectrophotometer. 
[0025] In addition, in an optical member according to the present invention, it is preferable that the hydroxyl group 
concentration in the member be 800 ppm or more and 1300 ppm or less. In case the hydroxyl group concentration is 
less than 800 ppm , the light transmittance tends to be insufficient and in case it exceeds 1 300 ppm, the refractive index 

35 of the member tends to increase or birefringence tends to be caused when vacuum ultraviolet light is irradiated. A 
measuring method of the hydroxyl group concentration such as a method of measuring absorption amounts of 1 .38 |um 
belonging to the hydroxyl group using an infrared spectrophotometer. 

[0026] And in an optical member according to the present invention, it is preferable that the contents of impurities 
such as Alkaline metals like sodium (Na) and potassium (K); Alkaline earth metals like magnesium (Mg) and calcium 

40 (Ca); transition metals like titanium (Ti), vanadium (V), chromium (Cr) and manganese (Mn) and metals like aluminum 
(Al) be low, and more concretely it is preferable that the total concentration of those metal impurities be 50 ppb or less. 
In case the total concentration of the metal impurities exceeds 50 ppb, the light transmission property and ultraviolet 
light resistance of the optical member tends to be insufficient. Particularly, it is preferable that the sodium concentration 
among those metal impurities be 20 ppb or less. In case the sodium concentration exceeds 20 ppb, the light transmit- 

45 tance of the optical member tends to decrease significantly. A method of determining the quantity of sodium and potas- 
sium such as radioactivation analysis through irradiation of thermal neutrons can be cited, and a method of determining 
the quantity of alkaline earth metal, transition metal and aluminum such as inductively coupled plasma atomic emission 
spectroscopy can be cited. 

[0027] In this way, an optical member according to the present invention having a high light transmission property 
50 and ultraviolet light resistance makes it possible to transfer a pattern with high resolution which can be achieved with an 
optical member according to the prior art in the case of use in lenses or the like structuring an optical system of a reduc- 
tion projection exposure apparatus. It is preferable that the above mentioned optical member has a high initial transmit- 
tance with respect to light, small absorption amount induced by light, small refractive index increase and a small 
maximum birefringence with respect to the tendency for obtaining higher levels of image function. More concretely, it is 
55 preferable that the initial internal transmittance with respect to light emitted from an ArF excimer laser be 99.5%/cm. 
And it is preferable that the absorption amount induced by irradiation with 1x10 6 pulses of light with an energy density 
of 400 mJ/cm 2 • p emitted from an ArF excimer laser be 0.2 cm" 1 or less; that increased amount of refractive index after 
irradiation with 1 x 10 6 pulses of light with an energy density of 400 mJ/cm 2 • p emitted from an ArF excimer laser be 
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1.5 x 10" 6 or less; and that the maximum birefringence 2.5 nm/ cm or less. A method of measuring the internal trans- 
mittance and the absorption amount induced by light irradiation such as a method using a double beam type spectro- 
photometer with a parallel beam can be cited; as for a method of measuring the increased amount of refractive index 
such as a method using a Fizeau type interferometer with He-Ne laser as a light source can be cited; and a method of 

5 measuring the maximum birefringence such as an automatic double refraction measuring apparatus can be cited. 

[0028] In this way, an optical member according to the present invention having an optical quality that conventional 
optical members couldn't previously attain could be achieved for the first time by using as its material silica glass 
obtained in a specific manufacturing method. A manufacturing method of silica glass which is used as material for an 
optical member according to the invention is described in the following. 

10 [0029] Fig. 1 shows schematically an example of one apparatus used for manufacturing silica glass according to 
the present invention. In the silica glass manufacturing apparatus 1 , a burner 7 made of silica has a multi-tubular struc- 
ture, which is installed so that its tip 6 faces toward a target 5 from the top of the furnace. The furnace walls are con- 
structed of a furnace frame 3 and a refractory 4, which is provided with a window for observation (not shown), a window 
15 for monitoring with IR camera 1 6, and exhaust vent 12 connected to an exhaust duct 13. The target 5 for forming an 

15 ingot IG underneath the furnace, and the target 5 is connected to an XY stage (not shown) outside of the furnace 
through a support axis 8. The support axis 8 is ratable by a motor so that the XY stage is two dimensionally movable in 
the direction of the x axis and the Y axis by an X axis servo motor and a Y axis servo motor. 

[0030] An organosilicon compound and an inactive gas are ejected from a tube placed in the center of the burner 
7 and a oxygen gas and a hydrogen gas are ejected from a tube arranged around the tube placed in said center with a 

20 ratio (a/b) of the total oxygen gas amount (a) to the total hydrogen gas amount (b) being 0.53 or more so that silica glass 
fine particles are produced by the reaction of said organosilicon compound in an oxidizing flame. Those silica glass fine 
particles are deposited on the target 5 rotating and rocking and at the same time are melted and vitrified to obtain an 
ingot IG of transparent silica glass. In this case the top of the ingot IG is covered in flame and the target is pulled down 
in the Z direction so that the position of the synthesizing plane in the upper part of the ingot is always maintained at an 

25 even distance from the burner. 

[0031] The silica glass ingot obtained in this way is cut, processed and further optically polished and coated to fab- 
ricate optical members such as prisms, mirrors and lenses. 

[0032] Under the manufacturing conditions of silica glass by the conventional direct method, the ratio of the oxygen 
gas amount to the hydrogen gas amount is set to have extra hydrogen ejected from the burner in order to enhance the 

30 hydrogen molecule concentration in the obtained silica glass. Manufacturing silica glass under such conditions has 
problem-free in the case silicon tetrachloride being used as a material because the reaction of silicon tetrachloride is 
dominated by hydrolytic reaction in the oxygen-hydrogen flame. However, in the case of an organosilicon compound 
being used as a material, the reaction of the organosilicon compound is dominated by an oxidizing reaction and not by 
the hydrolytic reaction, the oxygen amount necessary for the reaction would run out under the same condition as in the 

35 case silicon tetrachloride being used as a material. As a result, there are more carbon residues in the obtained silica 
glass compared to the case of silicon tetrachloride being used due to incomplete combustion of the organosilicon com- 
pound. The amount of carbon concentration is 1 ppm or less, which is difficult to determine in quantity by a usual ana- 
lytic method such as combustion-infrared spectroscopic analysis, charged particle radioactivation analysis, ICP-AES 
(inductively coupled plasma atomic emission spectroscopy), ICP-MS ( inductively coupled plasma mass spectroscopy), 

40 and no relationships have been found between optical quality of silica glass and carbon residue amount. Therefore, the 
present inventors measured formyl radical generated in the silica glass by the X-ray irradiation by utilizing an Electron 
Spin Resonance Spectrometer, ESR and have found out the interrelationships between the optical quality of silica glass 
and the carbon residue amount. A manufacturing method of silica glass according to the present invention is based on 
those findings by the inventors. 

45 [0033] In a method according to the present invention, it is preferable that a kind selected from the group consisting 
of alkoxysilanes and siloxanes whose boiling point is 1 80 °C be used as a material. In case the boiling point of the mate- 
rial exceeds 180 °C, the vaporization of the material tends to be incomplete, whereby inclusions such as bubbles may 
be taken into silica glass, or an incomplete combustion may occur. Substances related to alkoxysilane such as tetrae- 
thoxysilane (chemical formula: Si(OC 2 H 5 )4, abbreviation: TEOS), tetramethoxysilane (chemical formula: Si(OCH 3 ) 4 , 

50 abbreviation: TMOS) and methyltrimethoxysilane (chemical formula: CH 3 Si(OCH 3 )3, abbreviation: MTMS) can be cited 
concretely. And substances related to siloxane such as octamethylcyclotetrasiloxane (chemical formula: (SiO(CH 3 ) 2 )4, 
abbreviation: OMCTS), hexamethyldisiloxane (chemical formula: (CH 3 )3SiOSi(CH 3 )3, abbreviation: HMDS) and tetram- 
ethylcyclotetrasiloxane (chemical formula: (SiCH 3 OH) 4 , abbreviation: TMCTS), can be cited concretely. As a carrier gas 
ejected together with the organosilicon compound, inactive gases such as nitrogen or helium are used in the present 

55 invention. This is based on the findings by the present inventors that in case oxygen is used as a carrier gas such as in 
the conventional manufacturing method, the carrier gas tends to causes a combustion of a substance such as a mate- 
rial in a tube of a burner by heat, whereby the obtained silica glass may be contaminated. 

[0034] In a manufacturing method according to the present invention, the above mentioned organosilicon com- 
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pound is reacted in the oxidizing flame where a ratio (a/b) of the total oxygen gas amount (a) to the total hydrogen gas 
amount (b) is 0.53 or more, and it is preferable that a ratio ([a-c]/b) of an oxygen gas amount (a-c) subtracting an oxygen 
gas amount (c) consumed by the combustion of said organosilicon compound from the total oxygen amount (a) to the 
total hydrogen gas amount (b) be 0.48 or more. In case a ratio ([a-c]/b) of an oxygen gas amount (a-c) subtracting an 
5 oxygen gas amount (c) consumed by the combustion of said organosilicon compound from the total oxygen amount (a) 
to the total hydrogen gas amount (b) is less than 0.48, the amount of carbon residue in the silica glass due to the incom- 
plete reaction of the organosilicon compound increases resulting in the tendency of increased concentration of formyl 
radical generated during the X-ray irradiation. 

[0035] An example of a burner used in manufacturing silica glass according to the present invention is shown in Fig. 
10 2. The burner of Fig. 2 comprises: 

a first tube placed in the center 201 for ejecting an organosilicon compound and a carrier gas; 
a second tube 202 placed in a co-centric circle around the first tube for ejecting a first hydrogen gas; 
a third tube 203 placed in a co-centric circle around the second tube for ejecting a first oxygen gas; 
15 a fourth tube 204 placed in a co-centric circle around the third tube for ejecting a second hydrogen gas; 

a fifth set of tubes 205 arranged between the outer periphery of the fourth tube and the inner periphery of the fourth 
tube for ejecting a second oxygen gas; 

a sixth tube 206 placed in a co-centric circle around the fourth tube for emitting a third hydrogen gas; and 
a seventh set of tubes 207 arranged between the outer periphery of the fourth tube and the inner periphery of the 
20 sixth tube for emitting a third oxygen gas. In the case of the organosilicon compound being liquid at room temper- 

ature, this is vaporized by a vaporizer and introduced into the first tube 201 through a mass flow controller with a 
carrier gas. 

[0036] Silica glass according to the present invention can be manufactured suitably by maintaining a ratio (e/d) of 
25 the first oxygen gas amount (e) to the first hydrogen gas (d) at 0.50 or less and a ratio (g/f) of the second oxygen gas 
amount (g) to the second hydrogen gas amount (f) at 0.55 or more. By ejecting the oxygen gas and the hydrogen gas 
at the above mentioned ratios, silica glass with low hydroxyl group concentration and high hydrogen molecule concen- 
tration can be obtained without performing heat treatment under a hydrogen or oxygen atmosphere after the synthesiz- 
ing process. And in an optical member using this as a material, higher light transmission property and ultraviolet light 
30 resistance tend to be obtained. 

[0037] In said burner, by setting the ratio (e/d) of the first oxygen gas amount (e) to the first hydrogen gas amount 
(d) and the ratio (g/f) of the second oxygen gas amount (g) to the second hydrogen amount (f) at a level where oxygen 
is in excess relative to the theoretical burning ratio and by setting the ratio (i/h) of the third oxygen gas amount (i) to the 
third hydrogen amount (h) at a level where hydrogen is in excess relative to the theoretical burning ratio, silica glass fine 
35 particles are synthesized, 

said silica glass fine particles are deposited on the heat resistant target opposed to said burner and are melted 
to obtain a silica glass ingot, 

the obtained silica glass ingot is heat processed under an atmosphere including hydrogen so as to efficiently pro- 
duce silica glass according to the present invention. By ejecting the hydrogen gas and the oxygen gas at the above 
40 mentioned ratios in the synthesizing process of the silica glass fine particles and by heat processing the obtained silica 
glass ingot under an atmosphere including hydrogen, silica glass with small carbon residue amounts and high hydrogen 
molecular concentrations is obtained, and in an optical member using this as a material, higher light transmission prop- 
erty and ultraviolet light resistance tend to be obtained. In addition, in said burner it is preferable that the ratio (e/d) of 
the first oxygen amount (e) to the first hydrogen gas amount (d) be 0.7 or more and 2.0 or less, the ratio (g/f) of the sec- 
45 ond oxygen gas amount (g) to the second hydrogen gas amount (f) be 0.5 or more and 1 .0 or less, the ratio (i/h) of the 
third oxygen gas amount (i) to the third hydrogen gas amount (h) be 0.2 or more and 0.5 or less. And it is preferable that 
the flow rate of the first hydrogen gas be 60 m/sec or less. In case the flow rate of the first hydrogen gas exceeds 60 
m/sec the reaction of the organosilicon compound leads to vitrification while being incomplete so that the carbon resi- 
due amount tends to increase in the obtained silica glass. In addition, it is preferable that the hydrogen molecule con- 
so centration in the atmosphere for heat treating silica glass blocks be 5 wt% or more and 100 wt% or less, and it is 
preferable that the temperature of the atmosphere for heat treating silica glass blocks be 500 °C or less. In case the 
hydrogen molecule concentration in the atmosphere are less than 5 wt%, silica glass with high hydrogen molecular con- 
centrations tends not to be obtained, and when the temperature of the atmosphere exceeds 500 °C alkaline impurities 
tend to diffuse in the silica glass. The manufacturing method shown in Fig. 3A, that is to say; 
55 manufacturing silica glass by a method for performing heat processing of a cut out silica glass ingot in an atmos- 

phere where the partial pressure of oxygen is 0.1 atm or more and the temperature is 700 °C or more and performing 
hydrogen processing under a temperature of 500 °C less; or 
the method shown in Fig. 3B, that is to say; 
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manufacturing silica glass by a method for performing hydrogen processing of a cut out silica glass ingot under 
a temperature of 500 °C or less and performing heat processing in an atmosphere where the partial pressure of oxygen 
is 0.1 atm or more and the temperature is 700 °C or more preferable because of the tendency where silica glass bire- 
fringence is lowered without lowering of ultraviolet light resistance of the silica glass, whereby homogeneity on a refrac- 
tive index of the silica glass may be raised. 

[0038] Next, an example of a reduction projection exposure apparatus using optical members according to the 
present invention is described. 

[0039] Fig. 4 shows a schematic view illustrating the overall configuration of a reduction projection exposure appa- 
ratus equipped with a catadioptric optical system in accordance with the present invention. In Fig. 4, a Z axis parallel to 
an optical axis AX of a projection optical system 26, an X axis parallel to the view on the page of Fig. 4, and a Y axis 
perpendicular to the view on the page of Fig. 4 in a plane perpendicular to the optical axis are provided. 
[0040] The reduction projection exposure apparatus of Fig. 4 is provided with a light source 1 9 for supplying irradi- 
ation light with a wavelength of 250 nm or less. Light emitted from light source 19 irradiates evenly over a photomask 
21 where a predetermined pattern is formed through an irradiation optical system 20. A light source 19 such as a KrF 
excimer laser (248 nm), an ArF excimer laser (193 nm) and an F 2 laser (157 nm) can be cited. 

[0041 ] In the optical path from the light source 1 9 to the illumination optical system 20, one or a plurality of bending 
mirrors for deflecting the optical path are disposed as necessary. Also, the illumination optical system 20 has an optical 
integrator, constituted by a flyeye lens or an inner surface reflection type integrator, for example, for forming a surface 
light source with a predetermined size/shape; a field stop for defining the size/shape of the illumination area on a pho- 
tomask 21 ; and an optical system such as a field stop imaging optical system for projecting an image of the field stop 
onto the photomask 21. Further, the optical path between the light source 19 and the illumination optical system 20 is 
sealed with a casing 32, whereas the space extending from the light source 1 9 to the optical member closest to the pho- 
tomask 21 in the illumination optical system 20 is substituted by an inert gas exhibiting a low absorption amount with 
respect to the exposure light. 

[0042] By way of a mask holder 22, the photomask 21 is held parallel to the XY plane on a mask stage 23. The pho- 
tomask 21 is formed with a pattern to be transferred; whereas, within the whole pattern area, a rectangular (slit-shaped) 
pattern area having longer sides along the Y axis and shorter sides along the X axis is illuminated. 
[0043] The mask stage 23 is movable in a two-dimensional fashion along the mask surface (XY plane), whereas its 
positional coordinates are configured so as to be measured and positionally controlled by an interferometer 25 using a 
mask movable mirror 24. 

[0044] By way of the catadioptric projection optical system 26, the light from the pattern formed in the photomask 
21 forms a mask pattern image onto a wafer 27 which is a photosensitive substrate. The wafer 27 is held parallel to the 
XY plane on a wafer stage 29 by way of a wafer holder 28. Also, on the wafer 27, a pattern image is formed in a rectan- 
gular exposure area having longer sides along the Y axis and shorter sides along the X axis so as to optically corre- 
spond to the rectangular illumination area on the photomask 21 . 

[0045] The wafer stage 29 is movable along the wafer surface (XY plane) in a two-dimensional fashion, whereas its 
positional coordinates are configured so as to be measured and positionally controlled by an interferometer 31 using a 
wafer movable mirror 30. 

[0046] Also, in the depicted projection exposure apparatus, the inside of the projection optical system 26 is config- 
ured so as to keep an airtight state, whereas the gas within the projection optical system 26 is substituted by an inert 
gas. 

[0047] Further, while the photo mask 21, the mask stage 23, and the like are disposed in a narrow optical path 
between the illumination optical system 20 and the projection optical system 26, the inside of a casing 33 sealing and 
surrounding the photomask 21 , mask stage 23, and the like is filled with an inert gas. 

[0048] Also, while the wafer 27, the wafer stage 29, and the like are disposed in a narrow optical path between the 
projection optical system 26 and the wafer 27, the inside of a casing 34 sealing and surrounding the wafer 27, wafer 
stage 29, and the like is filled with nitrogen or an inert gas such as helium gas. 

[0049] Thus, an atmosphere which hardly absorbs exposure light is formed over the whole optical path from the 
light source 1 9 to the wafer 27. 

[0050] As mentioned above, the field area (illumination area) on the photomask 22 defined by the projection optical 
system 26 and the projection area (exposure area) on the wafer 27 are shaped like a rectangle having shorter sides 
along the X axis. Hence, as the mask stage 23 and the wafer stage 29, and the photomask 21 and the wafer 27, in con- 
sequence, are synchronously moved (scanned) along the shorter sides of the rectangular exposure area and illumina- 
tion area, i.e., X axis, while the photomask 21 and the wafer 27 are positionally controlled by use of a driving system, 
the interferometers (25, 31 ), and the like, the mask pattern is scanned and exposed on the wafer 27 with respect to an 
area having a width equal to the longer sides of the exposure area and a length corresponding to the amount of scan- 
ning (amount of movement) of the wafer 27. 

[0051 ] In the apparatus of Fig. 4, as a material for all of the optical members (lens compositions) making up the pro- 
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jection optical system 26, silica glass or calcium fluoride crystal is used. The reason why the optical members made of 
calcium fluoride crystal are used is to correct the chromatic aberration. It is preferable that at least a part of optical mem- 
bers made of silica glass, such as a lens and a photomask, constituting the projection optical system 26 be an optical 
member according to the present invention and it is more preferable that all of the lenses made of silica glass be optical 
5 members according to the present invention. And it is more preferable that the photomask be an optical member 
according to the present invention. An optical member made of silica glass according to the present invention is used 
for a substrate of the photomask 21 of which form doesn't have a specific limitation with a general dimension of a depth 
of 60 to 200 mm, a width of 60 to 200 mm and thickness of 1 to 7 mm; or a diameter of 1 00 to 300 mm, a thickness of 
1 to 7 mm. 

10 [0052] Fig. 5 is a schematic view showing an example of lens configuration of the projection optical system 26 with 
respect to Fig. 4. 

[0053] The projection optical system 26 shown in Fig. 5 has a first lens group G1 with positive power, a second lens 
group G2 with positive power, a third lens group G3 with negative power, a fourth lens group G4 with positive power and 
a fifth lens group G5 with negative power in order from a reticule R side as the first object and has a nearly telecentric 
15 configuration at the side of the object (the reticule R side) and the image side (the wafer W side) to have a reduction 
ratio. In this projection optical system, N.A. is 0.6 with a projection scaling ratio being 1/4. 

[0054] In this projection optical system, lenses made of calcium fluoride single crystal are used for six places of 
L45, L46, L63, L65, L66 and L67 among the lenses making up lens groups of from G1 to G6 for the purpose of correct- 
ing the chromatic aberration and silica glasses are used for other lenses than the above six places. It is preferable that 
20 an optical member according to the present invention be used for at least one lens except L45, L46, L63, L65, L66 and 
L67 among the lenses making up lens groups from G1 to G6 and it is preferable that optical members according to the 
present invention be used for all of the other lenses besides L45, L46, L63, L65, L66 and L67. 

[0055] In this way, by using an optical member according to the present invention for at least one lens making up 
the optical system, the transmission of the entire optical system can be maintained at a high level. In the case that all 

25 of the lenses made of silica glass making up the projection optical system are optical members according to the inven- 
tion, the transmission property of the entire optical system is further increased. And by using an optical member accord- 
ing to the invention for the photomask substrate, high light transmission property is achieved and local thermal 
expansion of said substrate can be controlled. Accordingly, by using a reduction projection exposure apparatus 
equipped with such optical members, a high resolution in a pattern transferring process can be achieved. 

30 [0056] Though the present invention is described in more detail based on the Examples in the following, the present 
invention is not at all limited to the following Examples. 

Examples 1 to 6 and Comparative Examples 1 to 12 

35 [0057] Silica glass ingots of Examples 1 to 6 and Comparative Examples 1 to 12 were fabricated by using a silica 
glass manufacturing apparatus through the direct method shown in Fig. 1 . That is to say, by allowing the tube placed in 
the center of the silica glass burner 7 with multi-tubular structure shown in Fig. 2 to eject an organosilicon compound 
and an nitrogen gas and by allowing the tubes placed around the tube placed in said center to emit oxygen gas and 
hydrogen gas, silica glass fine particles (soot) were synthesized through oxidizing reaction of the organosilicon com- 

40 pound in the burning flame. The silica glass fine particles were deposited on the top of the silica glass target 5 with a 
diameter of 200 mm rotating at a speed of 7 revolution per minute, rocking with 80 mm of movement distance and 90 
seconds of period and performing pulling down movement and at the same time were melted by the heat of the flame 
to obtain silica glass ingot IG with a diameter from 150 to 250 mm and a length of from 300 to 600 mm. Table 1 shows 
kind and flow amount of materials emitted from the burner 7; the first hydrogen gas amount, the first oxygen gas 

45 amount, and the ratio of the first oxygen gas amount to the first hydrogen gas amount; the second hydrogen gas 
amount, the second oxygen gas amount, and the ratio of the second oxygen gas amount to the second hydrogen gas 
amount; the third hydrogen gas amount, the third oxygen gas amount, and the ratio of the third oxygen gas amount to 
the third hydrogen gas amount, the ratio of the total oxygen amount to the total hydrogen amount, descent speed of the 
target in each Example and Comparison Example. In any of Example 1 to 6 and Comparative Examples 1 to 12, the 

50 organosilicon compound with the purity of 99.99% or more, Fe concentration of 1 0 ppb or less concentrations of Ni and 
Cr or 2 ppb or less respectively was used with the flow amount of the nitrogen gas which was the carrier gas of 3.5 slm. 
The dimensions of the tubes of the burners in Fig. 2 are shown receptively as follows ( where A means internal diameter 
and B means external diameter). 

55 
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[0058] For each of the thus obtained Examples 1 to 6 and Comparative Examples 1 to 12, formyl radical concen- 
tration generated by the X-ray irradiation, the hydroxyl group concentration, hydrogen molecule concentration, sodium 
concentration and internal absorption coefficient with respect to light having a wavelength of 193.4 nm were measured. 
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[0059] In measuring the internal absorption coefficient with respect to light having a wavelength of 193.4 nm, a 
sample, in a shape having a diameter of 60 mm and a thickness of 10 mm, was cut out from a part of 100 mm inside 
from the ingot top (the ingot head) and in the center in the diameter direction of each ingot to be used for as a meas- 
urement test sample. Precision abrasion was applied on the two surfaces facing each other of the sample so that the 

5 degree of parallelization, that is to say, the angle of polished surfaces opposed to each other was within 10 seconds, 
the plane degree was within three Newton rings for each side, the surface coarseness exhibits rms=10 angstroms or 
less for each side and the sample was polished to have the thickness of 1 0±0.1 mm as a final form. In addition, finishing 
polishing processing was applied with Si0 2 powder of high purity so that no abrasive remains on the surface. For the 
thus obtained samples, the internal loss coefficient with respect to light having a wavelength of from 1 90 to 400 nm was 

10 measured by using a spectrophotometer adjusted by a method described in Japanese Patent Application Laid-Open 
No. HEI 7-63680 and Japanese Patent Application Laid-Open No. HEI 1 1-21 1613. The internal absorption coefficient 
was calculated out by subtracting the internal scattering coefficient from the internal loss coefficient. As the internal loss 
coefficient of the synthesized silica glass at 1 93.4 nm which was an oscillating wavelength of the ArF excimer laser was 
0.0015 cm -1 , the absorption coefficient of each sample at 193.4 nm shown in Table 2 had the value obtained by sub- 

15 tracting the internal scattering loss coefficient from the internal loss coefficient. 

[0060] Next, in an ingot of silica glass in each Examples and Comparative Examples, a sample was cut out from 
the close area where the samples were cut out for the measurement of the internal absorption coefficient to have a 
shape of 10 x 2.7 x 2.3 mm to be used in the measurement of the formyl radical concentration. The surface of each 
sample was finished with precise polishing. Those samples were irradiated with X-rays under the following conditions: 

20 

X-ray irradiation apparatus: fluorescent X-ray analytical apparatus (made by Rigaku Denki: RIX3000) 
X-ray tubular bulb: Rhodium (Rh) tubular bulb 
tube voltage: 50 kV 
tube current: 2 mA 
25 X-ray irradiation time: 22 seconds 

Under those conditions the X-ray irradiation dosage applied to the samples is about 0.01 Mrad (Mega rad). 
[0061 ] Within one minute after the X-ray irradiation the samples are put into a Dewar flask containing liquid nitrogen 
to cool down the samples at the liquid nitrogen temperature (77K) to carry out the ESR (electron spin resonance) meas- 
30 urement to determine the quantity of the formyl radical concentration under the following conditions: 

apparatus: electron spin resonant apparatus (made by JEOL Ltd.: JES-RE2X) 
sample temperature: 77 K 
microwave frequency: 9.2 GHz 
35 microwave power: 1 mW 

standard sample: copper sulfate 5 hydrate 

[0062] For the measurement of hydroxyl group concentration, the samples used for the above mentioned measure- 
ment of the internal absorption coefficient were used as they were. And the hydroxyl group concentration was deter- 

40 mined in quantity by measuring the absorption amount of 1 .38 jum belonging to the hydroxyl group by using an infrared 
spectrophotometer. And the samples used for the hydroxyl concentration measurement were used for hydrogen molec- 
ular concentration measurement by a laser Raman spectrophotometer. Light emitted from an argon ion laser (output 
power 400 mW) with the oscillating wavelength of 488 nm was directed into the samples to measure the intensity at 
800cm" 1 (at a peak due to the vibration of the basic structure of silica glass: reference light) among Raman scattered 

45 light irradiated in the direction perpendicular to the incident light direction and the intensity at 4135 cm" 1 (at a peak due 
to the vibration of hydrogen molecules), so as to take the intensity ratio. 

[0063] Samples were cut out from a place adjacent to the place where the above mentioned samples were cut out 
of silica glass ingots to have a shape of 1 0 mm x 1 0 mm x 5 mm to measure the concentrations of chlorine (CI), sodium 
(Na), and potassium (K) by radioactivation analysis by thermal neutron irradiation. And samples were cut out from the 

50 place adjacent to the place where those samples were cut out to have a shape of 1 0 mm x 1 0 mm x 5 mm to measure 
the concentrations of alkaline earth metal, transmission metal and aluminum (Al) by an inductively coupled plasma 
atomic emission spectroscopy. The value of the Na concentration is exhibited in Table 1 . The Na concentrations accord- 
ing Examples 1 to 6 are all 0.002 ppm or less which confirmed that only a minor amount remains without affecting the 
absorption loss of light having the wavelength of 193.4 nm. In addition, the CI concentration was below the minimum 

55 detectable level (0.1 ppm) for all the samples which confirms that the chloride-free silica glass had been achieved by 
using organosilicon compound as the material gas. Still further, the K concentration was below the minimum detectable 
level (50 ppb) for all the samples. Each of the element concentrations of alkaline earth metals of Mg, Ca, transition met- 
als Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Al were 20 ppb or less for all the samples in Examples 1 to 6 and Comparative 
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Examples 1 to 12 . 

[0064] For each of Examples 1 to 6 and Comparative Examples 1 to 1 2, the measurement results for the formyl rad- 
ical concentration generated by the X-ray irradiation, the hydroxyl group concentration, the hydrogen molecular concen- 
tration, the sodium concentration and the internal absorption coefficient with respect to light having a wavelength of 
5 1 93.4 nm are shown in Table 2. The relation between the absorption coefficient of silica glass with respect to light hav- 
ing a wavelength of 193.4 nm and the formyl radical concentration obtained by the above mentioned measurement are 
shown in Fig. 6. 
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[0065] As shown in Table 2, silica glass in any of Example 1 to 6, manufactured by setting the ratio (a/b) of the total 
oxygen gas amount (a) to the total hydrogen gas amount (b) ejected from the burner at 0.53 or more, had a 2 x 10 14 
molecules/cm 3 or less concentration of formyl radical generated internally by X-ray irradiation, even though the silica 
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glass was manufactured by the direct method using a organosilicon compound as a material. In any of Examples 1 to 
6, the ratio (e/d) of the first oxygen gas amount (e) to the first hydrogen gas amount (d) was 0.7 or more and 2.0 or less, 
the ration (g/f) of the second oxygen gas amount (g) to the second hydrogen amount (f) was 0.5 or more and 1 .0 or less, 
the ratio (i/h) of the third oxygen gas (i) to the third hydrogen gas (h) was 0.2 or more and 0.5 or less to be synthesized, 

5 and it was confirmed that in the thus obtained silica glass the absorption coefficient with respect to light having a wave- 
length of 1 93.4 nm that is the same as the wavelength of the ArF excimer laser was 0.001 cm" 1 or less. 
[0066] Next, the silica glass ingot obtained in Examples 6 was formed to have the maximum diameter of 250 mm 
and the thickness of 70 mm. This silica glass indicated the maximum differential refractive index within the excimer laser 
irradiation region as A n = 2 x 1 0" 6 , the maximum birefringence of 2 nm per centimeter and the concentrations of each 

10 element of alkaline earth metal Mg, Ca, Al, transition metals Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn are respectively 20 ppb or 
less concentration of Na, alkaline metal is 2 ppb or less, and K impurity concentration is 50 ppb or less over the entire 
member region. The projection optical system shown in Fig. 5 was manufactured by using the silica optical glass and 
evaluated the image formation function in the case that the ArF excimer laser was used as a light source in a the reduc- 
tion projection exposure apparatus (stepper) in Fig. 4 equipped with the optical system. As a result, 0.19 jum was 

15 achieved for the width of lines and spaces which confirms that effective image forming function was obtained as an ArF 
excimer laser stepper. 

Examples 7 to 9 and Comparative Example 13 to 20 

20 [0067] In the same way as Example 1 , silica glass was synthesized in Examples 7 to 9 and the Comparative Exam- 
ple 13 to 20 by utilizing the silica glass manufacturing apparatus shown in Fig. 1 . In each of the Examples and the com- 
parative examples, the conditions of the materials, oxygen gas and hydrogen gas ejected from the burner shown in Fig. 
2 are shown in Tables 3 and 4. 
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TABLE 3 (continued) 
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First 0 2 

(e) 


Second 
H 2 (f) 


Second 

o 2 (g) 


Third H 2 
(h) 


Third 0 2 

(i) 




10 


Compar- 
ative 
Example 
17 


OMCTS 


8.1 


50.0 


36.0 


120 


72.0 


250 


110 


70.8 


15 


Compar- 
ative 
Example 
18 


MTMS 


10.5 


40.0 


50.0 


120 


35.2 


251 


110.5 


100.3 


20 


Compar- 
ative 
Example 
19 


MTMS 


8.5 


50.0 


43.0 


140 


72.0 


252 


111 


73.0 


25 


Compar- 
ative 
Example 
20 


HMDS 


7.3 


60.0 


43.0 


120 


72.0 


251 


110.5 


66.9 



TABLE 4 





0 2 / H 2 ratio 


The total 0 2 / the total H 2 
ratio (a/b) 


Ratio of value obtained by sub- 
tracting 0 2 consumed by the 
combustion from the total 0 2 to 
the total H 2 ([a-c]/b) 




e/d 


g/f 


i/h 






Example 7 


0.860 


0.600 


0.440 


0.536 


0.498 


Example 8 


0.860 


0.720 


0.440 


0.563 


0.523 


Example 9 


1.000 


0.600 


0.440 


0.552 


0.496 


Comparative Example 13 


0.600 


0.440 


0.440 


0.465 


0.420 


Comparative Example 14 


0.800 


0.440 


0.440 


0.490 


0.435 


Comparative Example 15 


1.000 


0.440 


0.440 


0.507 


0.451 


Comparative Example 16 


1.000 


0.600 


0.293 


0.464 


0.409 


Comparative Example 1 7 


0.720 


0.600 


0.440 


0.519 


0.500 


Comparative Example 18 


1.250 


0.293 


0.440 


0.476 


0.438 


Comparative Example 19 


0.860 


0.514 


0.440 


0.511 


0.475 


Comparative Example 20 


0.717 


0.600 


0.440 


0.523 


0.487 



55 [0068] In this way, a plurality of silica glass ingots are manufactured for each of Examples 7 to 9 and Comparative 
Examples 13 to 20. In Example 8 and Comparative Examples 13,14,18 and 19, heat treatment and hydrogen atmos- 
phere treatment were carried out following the flow chart in Fig. 3B, respectively. In Example 9 and Comparative Exam- 
ple 20, only the hydrogen atmosphere treatment was carried out. In each of those Examples and Comparative 
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Examples, the oxygen partial pressure and the temperature in the atmosphere during the heat treatment, and the tem- 
perature during the hydrogen atmosphere treatment are shown in Fig. 5. From the ingot thus obtained in each of Exam- 
ples and Comparative Examples, test pieces were cut out and polished to obtain a test sample for measurement. Using 
these samples in the same way as Example 1 , the concentration of formyl radical generated after X-ray irradiation, the 

5 hydroxyl group concentration, the hydrogen molecule concentration, the sodium atom concentration and the internal 
transmittance with respect to light with a wavelength of 1 93.4 nm were measured. The results are shown in Table 5. The 
relation between the internal transmittance with respect to light having a wavelength of 193.4 nm and the formyl radical 
concentration are shown in Fig. 7; the relation between the ratio (a/b) of the total oxygen gas amount (a) to the total 
hydrogen gas amount (b) and the formyl radical concentration are shown in Fig. 8; the relation between the ratio ([a- 

10 c]/b) of the oxygen gas amount (a-c) obtained by subtracting the oxygen gas amount (c) consumed by the combustion 
of the organosilicon compound from the total oxygen gas amount (a) to the total hydrogen gas amount (b) and the 
formyl radical concentration are shown in Fig. 9; the relation between the flow rate of the mixed gas of the organosilicon 
compound and the carrier gas and the formyl radical concentration are shown in Fig. 10; the relation between the first 
hydrogen gas flow rate and the formyl radical concentration are shown in Fig. 11, respectively. 

15 
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55 
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Example 8 


1 Example 9 


Comparative 
Example 13 


Comparative 
Example 14 


Comparative 
Example 15 


Comparative 
Example 16 


Comparative 
Example 17 


Comparative 
Example 18 


Comparative 
Example 19 


Comparative 
Example 20 



[0069] In the burner shown in Fig. 2 as for all of the silica glass of Examples 7 to 9 manufactured by maintaining the 
ratio of the total oxygen gas amount to the total hydrogen gas amount at 0.53 or more, the formyl radical concentration 
after X-ray irradiation was 2 x 10 14 molecules/cm 3 or less, while as for all of the silica glass of Comparison Examples 
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13 to 20 manufactured by maintaining the ratio of the total oxygen gas amount to the total hydrogen amount less than 
0.53, the formyl radical concentration showed the value exceeding 2 x 10 14 molecules/cm 3 . In Examples 7 to 9, accom- 
panying with the increase of ratio (a/b) of the total oxygen gas amount to the total hydrogen gas amount, the concen- 
tration of formyl radical generated by X-ray irradiation showed the tendency to be lowered. In addition, accompanying 
the increase of the flow rate of the materials or the flow rate of the first hydrogen gas, it was recognized that the formyl 
radical concentration tended to increase. 



Examples 1 0 to 14 

10 [0070] In the same way as Example 1 , using the silica glass manufacturing apparatus shown in Fig. 1 , silica glass 
was synthesized in examples 10 to 14. For each of the examples the conditions relating to materials, oxygen gas and 
hydrogen gas ejected from the burner are shown in Table 6 and 7. 



TABLE 6 





Material 


Flow rate 
of material 
[m/sec] 


Gas flow amount [slm] 








First H 2 (d) 


First 0 2 (e) 


Second 
H 2 (f) 


Second 
0 2 (g) 


Third H 2 
(h) 


Third 0 2 (i) 


Example 
10 


OMCTS 


1.8 


75.0 


33.0 


150 


82.5 


200 


118.4 


Example 
11 


HMDS 


2.2 


60.0 


27.0 


120 


69.6 


200 


104.7 


Example 
12 


TMOS 


2.6 


50.0 


20.0 


120 


66.0 


200 


177.5 


Example 
13 


HMDS 


1.3 


50.0 


25.0 


120 


72.0 


200 


114 


Example 
14 


MTMS 


2.6 


50.0 


19.0 


120 


78.0 


200 


125 



TABLE 7 





0 2 /H 2 ratio 


The total 0 2 / the total H 2 
ratio (a/b) 


Ratio of value obtained by subtracting 
0 2 consumed by the combustion from 
the total 0 2 to the total H 2 ([a-c]/b) 




e/d 


g/f 


i/h 






Example 10 


0.440 


0.550 


0.592 


0.550 


0.50 


Example 1 1 


0.450 


0.580 


0.524 


0.530 


0.48 


Example 12 


0.400 


0.550 


0.588 


0.550 


0.52 


Example 13 


0.500 


0.600 


0.570 


0.570 


0.54 


Example 14 


0.380 


0.650 


0.625 


0.600 


0.57 



[0071] In this way, a plurality of silica glass ingots were fabricated for each of the Examples. From those ingots, test 
55 pieces were cut out and polished to obtain test samples for measurement. Using those samples in the same way as 
Example 1, the concentration of formyl radical generated by X-ray irradiation, the hydroxyl group concentration, the 
hydrogen molecule concentration, the sodium concentration, the carbon concentration and the internal transmittance 
with respect to light having the wavelength of 193.4 nm were measured. And the absorption amount was measured by 
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an ultraviolet spectrophotometer (Cary-5 manufactured by Varian Ltd.); 

[0072] The increased amount of the refractive index was measured by a Fizeau type interferometer (Zygo Mark IV 
manufactured by Zygo Co., Ltd.); and , 

[0073] The birefringence induced by light with the wavelength 193.4 nm were measured by an automatic double 
5 refraction measuring apparatus (ADR manufactured by ORC Manufacturing Co., Ltd.), respectively. The results of those 
measurements are shown in Table 8. 

[0074] As for all of the silica glass obtained in Examples 10 to 14, the concentration of formyl radical generated by 
X-ray irradiation was 2 x 10 14 molecules/cm 3 or less. By maintaining the ratio of the first hydrogen gas amount to the 
first oxygen gas amount at 0.5 or less and the ratio of the second hydrogen gas amount to the second oxygen gas 

10 amount at 0.55 or more, silica glass with the hydroxyl concentration of 800 ppm or more and 1300 ppm or less and with 
the hydrogen molecule concentration of 1 x 10 16 /cm 3 or more and 4 x 10 16 /cm 3 or less was obtained without carrying 
out the hydrogen atmosphere treatment and heat treatment after fabricating the ingot. The samples made of the silica 
glass all had transmittance of 99.5%/cm or less, absorption amount of 0.2 cm -1 or less, the increased amount of refrac- 
tive index of less than 1 .5 x 1 0" 6 and the birefringence of less than 2.5 nm/cm, with respect to light having a wavelength 

15 of193nm. 
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55 

[0075] As described above, in accordance with the present invention, it is possible to manufacture silica glass hav- 
ing very low concentrations of formyl radical generated by the X-ray irradiation. In addition, by using an optical member 



21 



EP 1 035 078 A2 



made of such silica glass in an optical system of a reduction projection optical apparatus, high light transmission prop- 
erty and ultraviolet light resistance are obtained for the entire optical system in the case that it is used with light having 
a short wavelength such as a light emitted from an ArF excimer laser. Accordingly, in the above described apparatus 
high resolution is accomplished which couldn't be obtained in the case of optical members made of conventional silica 
5 glass. 

Claims 

1 . An optical member made of silica glass synthesized by the direct method where a material gas comprising an orga- 
10 nosilicon compound is allowed to react in an oxidizing flame, 

said optical member having a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray 
irradiation whose dose is 0.01 Mrad or more and 1 Mrad or less. 

2. An optical member according to Claim 1 , wherein the silica glass is synthesized by the direct method where a mate- 
15 rial gas comprising an organosilicon compound is allowed to react in an oxidizing flame with a ratio (a/b) of the total 

oxygen gas amount (a) to the total hydrogen gas amount (b) being 0.53 or more. 

3. An optical member according to Claim 1 , wherein the internal absorption coefficient with respect to light having a 
wavelength of 190 nm or more is 0.001 cm" 1 or less. 

20 

4. An optical member according to Claim 1 , wherein a chlorine concentration is 0.1 ppm or less. 

5. An optical member according to Claim 1, wherein a hydroxyl group concentration is 800 ppm or more and 1300 
ppm or less. 

25 

6. An optical member according to Claim 1 , wherein a hydrogen molecule concentration is 1 x 1 0 16 molecules/cm 3 or 
more and 4 x 1 0 18 molecules/cm 3 or less. 

7. An optical member according to Claim 1 , wherein a carbon atom concentration is 10 ppm or less. 

30 

8. An optical member according to Claim 1 , wherein a sodium concentration is 20 ppb or less. 

9. An optical member according to Claim 1 , wherein an initial internal transmittance with respect to light emitted from 
an ArF excimer laser is 99.5%/cm or more. 

35 

10. An optical member according to Claim 1, wherein an internal absorption amount induced by light irradiation after 
irradiated with 1 x 1 0 6 pulses of light with an energy density of 400 mJ/cm 2 • p emitted from an ArF excimer laser 
is 0.2cm" 1 or less. 

40 11. An optical member according to Claim 1 , wherein an increased amount of the refractive index after irradiated with 
1 x 1 0 6 pulses of light with an energy density of 400 mJ/cm 2 • p emitted from an ArF excimer laser is 1 .5 x 1 0" 6 or 
less. 

12. An optical member according to Claim 1, wherein an maximum birefringence after irradiated with 1 x 10 6 pulses of 
45 light with an energy density of 400 mJ/cm 2 • p emitted from an ArF excimer laser is 2.5 nm/cm or less. 

13. A method for manufacturing silica glass comprising: 

a first step of allowing an organosilicon compound to react in an oxidizing flame while ejecting an organosilicon 
50 compound and an inactive gas from a tube placed in the center of a burner with multi-tubular structure and 

ejecting an oxygen gas and a hydrogen gas from a tube placed around the tube in the center of said burner so 
that a ratio (a/b) of the total oxygen gas amount (a) to the total hydrogen amount (b) is 0.53 or more, so as to 
obtain silica glass fine particles; and 

a second step of depositing and melting said silica glass fine particles on a heat resistant target opposed to 
55 said burner, so as to obtain a silica glass ingot. 

14. A method according to Claim 13, wherein a ratio ([a-c]/b) of an oxygen gas amount (a-c) obtained by subtracting 
an oxygen gas amount (c) consumed by combustion of the organosilicon compound emitted from said burner from 
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the total oxygen gas amount (a) to the total hydrogen gas amount (b) is 0.48 or more. 

1 5. A method according to Claim 1 3, wherein said organosilicon compound is at least one kind selected from the group 
consisting of alkoxysilanes and siloxanes. 

1 6. A method according to Claim 1 3, wherein said organosilicon compound is at least one kind selected from the group 
consisting of tetraethoxysilane, tetramethoxysilane, methyltrimethoxysilane, hexamethyldisiloxane, octamethylcy- 
clotetrasiloxane, and tetramethylcyclotetrasiloxane. 

17. A method according to Claim 13, wherein said burner comprises: 

a first tube placed in a center for ejecting material gas of an organosilicon compound and an inactive gas; 

a second tube placed in a co-centric circle around said first tube for ejecting a first hydrogen gas; 

a third tube placed in a co-centric circle around said second tube for ejecting a first oxygen gas; 

a fourth tube placed in a co-centric circle around said third tube for ejecting a second hydrogen gas; 

a fifth set of a plurality of tubes placed between an outer periphery of said third tube and an inner periphery of 

said fourth tube for ejecting a second oxygen gas; 

a sixth tube placed in a co-centric circle said fourth tube for ejecting a third hydrogen gas; and 
a seventh set of a plurality of tubes placed between an outer periphery of said fourth tube and an inner periph- 
ery of said sixth tube for ejecting a third oxygen gas. 

18. A method according to Claim 17, wherein a ratio (e/d) of the first oxygen gas amount (e) to the first hydrogen gas 
amount (d) is 0.50 or less and a ratio (g/f) of the second oxygen gas amount (g) to the second hydrogen gas amount 
(f) is 0.55 or more in said first step. 

19. A method according to Claim 17, wherein a ratio (e/d) of the first oxygen gas amount (e) to the first hydrogen gas 
amount (d) and a ratio (g/f) of the second oxygen gas amount (g) to the second oxygen gas amount (f) indicate 
excessive oxygen level relative to a theoretical combustion ratio and a ratio (i/h) of the third oxygen gas amount (i) 
to the third hydrogen gas amount (i) indicates excessive hydrogen level relative to a theoretical combustion ratio in 
said first step, and 

the method further comprises a third step of heat treating said silica glass ingot under an atmosphere contain- 
ing hydrogen. 

20. A method according to Claim 19, wherein a ratio (e/d) of the first oxygen gas amount (e) to the first hydrogen gas 
amount (d) is 0.7 or more and 2.0 or less, a ratio (g/f) of the second oxygen gas amount (g) to the second hydrogen 
gas amount (f) is 0.5 or more and 1 .0 or less, and a ratio (i/h) of the third oxygen gas amount (i) to the third hydro- 
gen gas amount (h) is 0.2 or more and 0.5 or less in said first step. 

21. A method according to Claim 19, wherein a hydrogen molecule concentration in the atmosphere where said silica 
glass ingot is heat treated is 5wt% or more and 100wt% or less. 

22. A method according to Claim 19, wherein a temperature of the atmosphere where said silica glass ingot is heat 
treated is 500 °C or less. 

23. A method according to Claim 1 9, further comprising a fourth step for heat treating said silica glass ingot at the tem- 
perature of 700 °C or more under an atmosphere with an oxygen partial pressure of 0.1 atm or more either between 
said second step and said third step or after said third step. 

24. A method according to Claim 20, wherein a flow rate of said first hydrogen gas is 60 m/sec or less. 

25. A reduction projection exposure apparatus having an exposure light source, a photomask formed with an original 
image of a pattern, an irradiation optical system for irradiating said photomask with the light emitted from said light 
source, a projection optical system for projecting onto a photosensitive substrate a pattern image projected from 
said photomask, and an alignment system for aligning said photomask and said photosensitive substrate with each 
other; 

wherein at least a part of lenses constituting said irradiation optical system, lenses constituting said projection opti- 
cal system and said photomask is an optical member made of silica glass synthesized by the direct method where 
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a material gas comprising an organosilicon compound is allowed to react in an oxidizing flame, 

said optical member having a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray 

irradiation whose dose is 0.01 Mrad or more and 1 Mrad or less. 

26. An apparatus according to Claim 25, wherein all of the lenses made of silica glass constituting said irradiation opti- 
cal system and irradiation projection optical system are optical members made of silica glass synthesized by the 
direct method where a material gas comprising an organosilicon compound is allowed to react in an oxidizing 
flame, 

said optical members having a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray 
irradiation whose dose is 0.01 Mrad or more and 1 Mrad or less. 

27. An apparatus according to Claim 25, wherein said photomask is an optical member made of silica glass synthe- 
sized by the direct method where a material gas comprising an organosilicon compound is allowed to react in an 
oxidizing flame, 

said optical member having a 2 x 10 14 molecules/cm 3 or less concentration of formyl radical generated by X-ray 
irradiation whose dose is 0.01 Mrad or more and 1 Mrad or less. 
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Fig A 
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Fig.3A 
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Fig. 6 
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Fig. 7 
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Fig.9 
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Fig.11 

5x10 14 
4x10 14 
3X10 14 
2X10 14 
1 X10 14 



CO 

ii 



a: lli 
o o 

o 
o 



0 



20 



40 



60 



80 100 120 140 



FLOW RATE OF FIRST H 2 GAS 

[m/sec] 



33 



